The synthesis, crystal structures and magnetic properties of LnM(BO 3 ) 2 (Ln = Y, Ho-Lu; M = Sc, Cr) were investigated. The LnCr(BO 3 ) 2 compounds crystallize in the dolomite-type structure with space group R 3 , in which the Ln and Cr ions occupy two octahedral sites. From the result of structural analysis, it was found that there is an anti-site disorder between these two sites and its ion at 2.1 K.
Introduction
Recently, the physical properties of borate crystals containing lanthanide (Ln) ion attract great deal of interests. In particular, the LnM 3 (BO 3 ) 4 (M = Al, Sc, Cr, Fe, Ga) with the huntite CaMg 3 (CO 3 ) 4 related structures are extensively studied because of their interesting optical properties (M = Al) [1] , the structural and magnetic phase transitions [2] , and multiferroic properties [3] (M = Fe).
In order to explore further interesting materials, we focused our attention on the crystal structure and magnetic properties of the LnCr(BO 3 ) 2 borates. They were first synthesized by Vicat and Aléonard in 1968 and the crystal structure was determined to be isostructural to the mineral dolomite CaMg(CO 3 ) 2 [4, 5] . In that structure, the Ln and Cr ions individually occupy two octahedral sites, and LnO 6 and MO 6 octahedra alternatively connect to each other by sharing corner oxygen.
Such a structural feature has been of great interest in the sight of the magnetism because the existence of Ln-O-Cr superexchange pathway may bring about anomalous magnetic properties due to the magnetic interaction between f and d electrons which has been reported for ordered double perovskites A 2 LnMO 6 (A = alkali earth; M = 4d, 5d transition metal) [6] [7] [8] [9] [10] . Nevertheless, the physical properties of LnCr(BO 3 ) 2 are unknown although long time has passed since first synthesis to our best knowledge.
In this paper, we will report the detailed crystal structure for LnCr(BO 3 ) 2 , and reveal their magnetic properties by the magnetic susceptibility and specific heat measurements at low -6 -crystallographic sites; however the calculated profiles showed a poor fit to the observed ones because of the different ratios of peak intensity. In order to improve the fitting, we analyzed the data by assuming the anti-site disorder between Ln (3a) and Cr (3b) sites. Such a disorder is found in the dolomite CaMg(CO 3 ) 2 [13] . The calculated profiles give a good agreement with observed ones as shown in Fig. 1(a) , and the refined structural parameters and reliability factors are summarized in Table 1 .
On the other hand, we have also prepared scandium analogues LnSc(BO 3 ) 2 (Ln = Y, Ho-Lu).
The XRD profile for Ln = Tm compound is plotted in Fig. 1(b) . All these compounds have a rhombohedral unit cell with the calcite CaCO 3 structure (space group R 3 c) [14] . In fact, it is known that the ScBO 3 [15] and LnBO 3 with smaller Ln ions (Ln = Yb and Lu) [16, 17] adopt this structural type; thus the crystal structure of LnSc(BO 3 ) 2 can be regarded as a solid-solution (Ln 0.5 Sc 0.5 )BO 3 .
Although the LnBO 3 for larger Ln ions adopt other crystal structures [18, 19] , the small average radius, (R Ln3+ + R Sc3+ )/2 = 0.804-0.823 Å for Ln = Y, Ho-Lu from the Shannon's ionic radius [Shannon] , may stabilize the calcite structure. The calculated profile by using the calcite model is shown in Fig. 1(b) , and refined structural parameters and reliability factors are listed in Table 2 .
The schematic crystal structures of LnCr(BO 3 ) 2 and LnSc(BO 3 ) 2 are illustrated in Fig. 2 , and some selected bond lengths and angles are listed in Table 3 . In both structures, the Ln and M ions occupy the octahedral sites. The LnO 6 and MO 6 octahedra form a three dimensional network by sharing corner-oxygen ions and the BO 3 triangle shares oxygen ions of octahedra. Both structures are -7 - similar to each other except for the difference in the partially or fully disordered arrangements of octahedral sites. For the LnCr(BO 3 ) 2 compounds, when the occupancy of Cr ions at the 3a site is r, the chemical formula is represented as Ln 1-r Cr r [Cr 1-r Ln r ](BO 3 ) 2 (0 < r <0.5). Therefore, they have two octahedral sites, i.e., the (Ln,Cr)(1) site with a longer bond length to oxygen ion and the (Ln,Cr)(2) site with a shorter bond length.
The degree of disorder appears in the peak intensity of { il h h } (h + l = 3n) reflections shown in Fig. 1 (a) because their structure factors contain a term: 3f 3a -3f 3b = 3(1 -2r)(f Ln3+ -f Cr3+ ) in which f means the scattering factor of a site or ion. Such peaks become strongest for the case of a fully ordered arrangement (r = 0.0) and negligibly weak for disordered one (r = 0.5). In the case of the LnSc(BO 3 ) 2 , these reflections are forbidden from the R 3 c symmetry, and the calculation of r value assuming the R 3 model also supports the fully disordered arrangement (r = 0.50 ± 0.02). Figure 3 shows the variation of the r value against the difference of ionic radius, R = R Ln3+ -R M3+ , and for comparison, a constant value r = 0.5 for LnSc(BO 3 ) 2 is also plotted. For LnCr(BO 3 ) 2 , the r decreases linearly with increasing R and approaches to zero. On the other hand, the data of fully disordered LnSc(BO 3 ) 2 are in smaller R region. These results indicate that as the difference in ionic radius between Ln and M ions becomes larger, these compounds adopt more ordered arrangement.
The lattice parameters of LnCr(BO 3 ) 2 and LnSc(BO 3 ) 2 are plotted in Fig. 4 as a function of the ionic radius R Ln3+ . In both series, the lattice parameters a and c increase with R Ln3+ . However, the increment of a from Ln = Lu to Ho (0.016 Å for M = Cr and 0.019 Å for Sc) is much smaller than -8 -that of c (0.148 Å for Cr and 0.156 Å for Sc). The tendency shows a good agreement with the result in the LnCr(BO 3 ) 2 and other dolomite-type borates [4, 5] . and  7 and a quartet  8 in the octahedral crystal field [21] . In this case, the magnetic susceptibility is
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The fitting curve by Eq. (1) between 10 and 300 K is shown in Fig. 5 (b) and it shows a good agreement with the experimental data. We obtained the energy differences E 8 -E 6 = 562(8) K and E 7 -E 6 = 1515(97) K, and the effective magnetic moment of 4.50(1)  B , which are comparable with those for the perovskite-type oxides containing the Yb 3+ ion at the octahedral site [23, 24] . Table 4 . In both compounds, only the Cr ion is magnetic and the others are diamagnetic. Their  eff values are close to the free-ion value of Cr
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The negative Weiss constants mean that the predominant magnetic interaction between Cr ions is antiferromagnetic. 3.0 %).
To obtain further information about the magnetic transition, the temperature dependence of magnetic entropy (S mag ) was calculated by
, in which the magnetic specific heat (C mag ) was estimated by subtracting the lattice and electronic specific heat from the experimental specific heat of LnCr(BO 3 ) 2 . For this purpose, we used the specific heat of YSc(BO 3 ) 2 or LuSc(BO 3 ) 2 . The magnetic specific heat below 1.8 K was extrapolated by the relation C mag  T 3 from the spin-wave model for an antiferromagnet [25] . The C mag /T and S mag are also plotted in Figs. 7 and 8. The S mag values at 20 K are 9.5 J/mol K for YCr(BO 3 ) 2 and 10.0 J/mol K for LuCr(BO 3 ) 2 , and gradually increase with temperature. It is considered that they reaches a theoretical value R ln (2S +1) = 11.53 J/mol K for S = 3/2 ion. Thus, the observed magnetic transition is due to the long-range antiferromagnetic ordering of Cr 3+ (3d 3 ) moments.
LnCr(BO 3 ) 2 (Ln = Ho-Yb)
The temperature dependence of inverse magnetic susceptibility for LnCr(BO 3 ) 2 (Ln = Ho-Yb)
is plotted in Fig. 6(b) . Their effective magnetic moments and Weiss constants are summarized in -11 - The Néel temperature for all the LnCr(BO 3 ) 2 is summarized in Table 4 . The difference in T N between the compounds containing magnetic Ln (Ho, Er, and Yb) ions and those containing nonmagnetic ions (Y, (Tm), and Lu) is much smaller than expected, in spite of the existence of Ln-O-Cr superexchange pathway in this crystal structure. This result indicates that the observed transition is mainly due to the antiferromagnetic ordering of Cr 3+ ions. One reason for weak magnetic interaction via Ln-O-Cr is that its angle ~124° is highly deviated from 180° (or 90°) for the ideal superexchange interaction, and such a deviation often weakens the magnetic interaction as observed in double perovskites A 2 LnRuO 6 (A = Ca, Sr, and Ba) [10] . In order to clarify the magnetic ordering behavior of Ln ions, the determination of magnetic structure by the neutron diffraction is needed.
Summary
We investigated the synthesis, crystal structures and magnetic properties of lanthanide-metal In (b), a blue line (T = 10-300 K) is a fitting curve to Eq. (1).
-17 - Fig. 6 Temperature dependence of the inverse magnetic susceptibility for LnCr(BO 3 ) 2 (Ln = Ho-Lu). The red solid lines represent fitting curves by the Curie-Weiss law. Fig. 7 Temperature dependence of the magnetic susceptibility, specific heat, magnetic specific heat, and magnetic entropy for YCr(BO 3 ) 2 . Fig. 8 Temperature dependence of the magnetic susceptibility, specific heat, magnetic specific heat, and magnetic entropy for LuCr(BO 3 ) 2 . Fig. 9 Temperature dependence of the magnetic susceptibility, specific heat, magnetic specific heat, and magnetic entropy for HoCr(BO 3 ) 2 . Fig. 10 Temperature dependence of the magnetic susceptibility, specific heat, magnetic specific heat, and magnetic entropy for ErCr(BO 3 ) 2 . Fig. 11 Temperature dependence of the magnetic susceptibility, specific heat, magnetic specific heat, and magnetic entropy for TmCr(BO 3 ) 2 . Fig. 12 Temperature dependence of the magnetic susceptibility, specific heat, magnetic specific heat, and magnetic entropy for LuCr(BO 3 ) 2 . Inset shows the magnetic susceptibilities measured in an applied magnetic field of 0.005 T. Note. Dolomite-type structure with space group R 3 ; (Ln, Cr) (1) 
